Abstract-Wireless power and data transmission have created promising prospects in biomedical research by enabling perpetual data acquisition and stimulation systems. We present a work in progress towards such a system, called the EnerCage, equipped with scalable arrays of overlapping planar spiral coils (PSC) and 3-axis magnetic sensors for focused wireless power transmission to randomly moving targets, such as small freely behaving animal subjects. The EnerCage system includes a stationary unit for 3D non-line-of-sight localization and inductive power transmission through a geometrically optimized PSC array. The localization algorithm compares the magnetic sensor outputs with a threshold to activate a PSC. All PSCs are optimized based on the worst-case misalignment, considering parasitics from the overlapping and adjacent PSCs. EnerCage also has a mobile unit attached to or implanted in the subject's body, which includes a permanent magnetic tracer for localization and back telemetry circuit for efficient closed-loop inductive power regulation. The EnerCage system is designed to enable long-term electrophysiology experiments on freely behaving small animal subjects in large experimental arenas without requiring them to carry bulky batteries. A prototype of the EnerCage system with five PSCs and five magnetic sensors achieved power transfer efficiency (PTE) of 19.6% at the worst-case horizontal misalignment of 49.1 mm ( of the PSC radius) and coupling distance of 78 mm with a mobile unit coil, 20 mm in radius. The closed-loop power management mechanism maintains the mobile unit received power at 20 mW despite misalignments, tilting, and distance variations up to a maximum operating height of 120 mm .
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I. INTRODUCTION

B
IOINSTRUMENTS used for long-term biological data acquisition, stimulation, and drug delivery on awake freely behaving small animal subjects usually involve cables to provide power and data [1] . However, most physiologists, particularly those who record large volumes of data from the central nervous system through multiple parallel channels, conduct their in vivo experiments with behaving animals that are tethered to large electrophysiology instruments without taking advantage of numerous benefits of the wireless data acquisition systems [2] , [3] . These cables lead to limitations such as: 1) The area, which the animal can traverse within the experimental arena, is limited to the length of the cable; 2) At least part of the weight and sheer stress of the cable add to the abnormal conditions that the "freely" behaving animal would experience; 3) No more than one animal can be tested at a time due to the entanglement of the cables. To this one must add the costly motorized commutators, which introduce noise and impose a bottleneck on the number of channels. Several neural recording systems have been developed in the past that involve wireless communication, powered by batteries [4] - [9] . However, batteries increase to the size and weight of the animal payload. Users of such systems have to make a compromise between the duration of the experiment and the payload that the animal can carry, before the weight or size of the load affects its normal behavior.
Attempts at developing wirelessly powered data acquisition systems are underway to overcome the above limitations. Ultra high frequency (UHF) radio frequency identification (RFID) technology is one of the methods that offer a reliable link over large distances [10] - [13] . However, the UHF link has very low power transfer efficiency (PTE), and there is also a risk of interference with other instrumentation or surpassing the safe specific absorption rate (SAR) in humans [14] - [17] . Inductively coupled coils operating in the high frequency (HF) band, on the other hand, can provide higher PTE with localized magnetic fields. However, their PTE is very sensitive to the coils' geometry, relative distance, and orientation (e.g., tilting) [18] .
Large transmitter (Tx) coils that encompass small experimental chambers have been demonstrated and are even commercially available [19] - [22] . The large size of the Tx coil in such designs lowers the coil's self-resonance frequency (SRF), and consequently the power carrier frequency, which in turn increases the size of the receiver (Rx) LC-tank circuit and limits the back telemetry bandwidth if load shift keying (LSK) is employed [23] . Moreover, in these designs there is always a compromise between the size of the chamber and the homogeneity of the magnetic flux density, which is much larger near the Tx coil windings around the perimeter and weaker in the center. As a result, this approach is more appropriate for mice and monitoring of biological signals with very small bandwidth such as heart rate, blood pressure, and body temperature.
1932-4545/$31.00 © 2012 IEEE In order to extend the size of the experimental arena for larger species, such as rats and guinea pigs, the bottom of the arena should be tiled with multiple Tx coils. In [24] researchers propose an array of nine coils each 5 cm 5 cm. However, this arrangement results in large variations in the magnetic flux density at the edges of the adjacent coils. Moreover, since all of the coils are simultaneously activated, the heat dissipation can limit the maximum Tx power if the rise in cage temperature is to be kept within 1 or 2 . Other researchers have used an array of Tx coils with different resonant frequencies [25] . By adjusting the carrier frequency, , only the Tx coil closest to the animal can be selected, and the other coils would pass only a small amount of current. Since the optimal coil geometry depends on , in this approach each coil needs to have a different geometry. Moreover, the resonance frequency of the Rx coil should also be changed accordingly to maintain high PTE, which adds to the complexity of the headstage.
Overlapping planar spiral coils (PSC) that are geometrically optimized across a multilayer printed circuit board (PCB) in a way that the magnetic field peaks of one coil coincide with the troughs of the surrounding coils seems to be the best approach for generating a homogeneous magnetic field across a large area. Square-shaped PSCs require four PCB metal layers to provide sufficient coverage [26] , while hexagonal PSCs provide the same coverage with only three layers, leaving the fourth metal layer available for the interconnection [27] - [29] . This PSC arrangement has also been considered for consumer electronic applications such as charging pads for gadgets with a variety of methods to detect the location of an object and localize the magnetic fields with high PTE [28] . Nevertheless, the targets in such applications are stationary and the coil separations are very small (almost touching), as opposed to the current application in which the target moves rapidly within the cage, and the Rx coil hovers well above the Tx PSCs, depending on the size of the species.
In this paper, we describe the system development aspects of a novel wireless data acquisition system, called EnerCage, in the form of a smart cage that can track, localize the magnetic field, wirelessly power, and also communicate with the electronics attached to or implanted in small freely behaving animal subjects for unlimited time periods in large experimental arenas. The EnerCage system has three main features: 1) Modular overlapping hex-PSC array: inductive power and data transmission takes place through a scalable array of overlapping PSCs that are implemented on PCB and can conform to any arbitrarily shaped experimental arena. The PSC geometries are optimized to maximize the PTE in response to coil misalignments. In other words, the Tx PSC array allows the Rx coil to move from one PSC to another with minimal variations in the coupling coefficient. 2) Non-line-of-sight 3D magnetic tracking: an array of 3-axis magnetic sensors has been overlaid under the PSCs that cover the bottom of the EnerCage to track the 3D position/orientation of a small magnetic tracer that is embedded in the headstage [30] . A smart algorithm running on the external controller (a central personal computer, PC, station) selects and activates the PSC that are in the best position to deliver power to the Rx coil. By activating more than one PSC with proper phase shift, the external controller can use the information about the orientation of the magnetic tracer to steer the Tx magnetic flux and compensate for tilting and misalignment of the Rx coil [31] . Furthermore, unlike the optical tracking method, which resolution degrades with the extension of the field of view and requires the animal subject to remain in the line of sight, the magnetic 3D tracking can operate in both open and covered spaces, such as tunnels, which might be a more natural environment for burrowing animals. 3) Closed-loop power control: the EnerCage power carrier is set at to comply with the industrial, scientific, and medical (ISM) band [18] . Power control mechanism utilizes commercially available off-the-shelf (COTS) HF-RFID chips to close the inductive power delivery and LSK back telemetry loop [32] . The system can actively compensate for variations in the coils' coupling due to misalignments, tilting, or distance variations in real-time to ensure a smooth power transfer to the headstage or implant, while maintaining high PTE. Fig. 1 shows a rendering of the proposed EnerCage system. A wireless mobile unit in the form of a headstage, including the Rx coil, is inductively powered by an array of overlapping hex-PSCs that tile the bottom of the experimental arena. The control circuitry has been implemented in the form of modules that are mounted vertically under the PSC array to form the stationary unit. An array of 3-axis magnetic sensor modules (red dots), evenly distributed under the hex-PSC array, locates a small permanent magnet embedded in the center of the Rx coil. The proof-of-concept prototype EnerCage system described in this paper includes five PSCs and five sensors, providing a 305.5 active experimental arena. It is designed to power a 32 channel Wireless Integrated Neural Recording (WINeR) system-on-a-chip, described in [33] , in conjunction with a funnel-shaped headstage with 32 movable tetrodes [34] . A simple threshold-based algorithm has been used for magnetic localization in lieu of the precision 3D tracking in [30] .
The Section II provides more details on the EnerCage system architecture and key features, such as particular design of the PSC array, closed-loop power control, and magnetic sensor modules. Measurement results are included in Section III, followed by the concluding remarks.
II. ENERCAGE SYSTEM ARCHITECTURE
Block diagram of the EnerCage system is shown in Fig. 2(a) . Each hex-PSC is driven by a class-C power amplifier (PA) with 68% efficiency, which is controlled by an HF-RFID reader chip (TRF7960, Texas Instruments, Dallas, TX). Every three PSCs and their associated RFID readers are controlled by a local microcontroller (MCU) (MSP430, Texas Instruments, Dallas, TX), all of which are implemented on a control module, shown in Fig. 2(b) . This module connects vertically to the hex-PSC array to minimize the electromagnetic interference. Each PSC normally creates a vertical magnetic field above its surface. However, there are occasions when the Rx coil is in a position that a vertical field cannot sufficiently energize it, e.g., when it is tilted degrees. Hence, 2:1 multiplexers (MUX) are included in the control module, which can feed a pair of 180 out-of-phase input signals at 13.56 MHz to the RFID readers to address these conditions. When two adjacent PSCs are simultaneously activated with out-of-phase signals, they create a horizontal field between them, which can then power up the tilted headstage [35] .
In addition to delivering control signals, the local MCU is responsible for collecting the magnetic sensors' data for 3D tracking and back-telemetry data (from the RFID readers) for closed-loop power control. Local MCUs package their collected data and deliver it to a central MCU (MSP430), which fuses all the data and relays them back to a central PC station via universal serial bus (USB) interface. The supply voltage for all class-C PAs on the controller modules is provided by a closedloop power control block, which is also controlled by the central MCU [32] .
A. PSC Design and Optimization
We chose the more area efficient 3-layer overlapping hex-PSC pattern over the 4-layer rectangular PSCs, as shown in Fig. 3(a) [27] . The 4th layer was used for interconnection between the hex-PSCs and their vertical controller modules. In the proof-of-concept prototype, a stack of two 2-layer 1.6 mm-thick FR4 PCBs with 1-oz (35 -thick) copper on each side and 1.7 mm spacing was used to create the 4-layer PSC array structure, as shown in Fig. 3(b) . The conventional coil design for inductive power transmission is often based on the best-case scenario, in which an individual Tx coil is in perfect alignment with the Rx coil [18] , [36] . Nevertheless, in this work, the hex-PSC array geometry is optimized to minimize coupling variations in the worst-case overlapping and misalignments to provide a smooth power distribution across the EnerCage. In the worst case of overlapping, the black PSC1 in Fig. 3(a) , which is in layer 2, has been overlapped by six PSCs (1_1 to 1_6 in layers 1 and 3) and surrounded by six other PSCs (1_7 to 1_12 in layer 2). This condition leads to the largest parasitic capacitance and resistance, resulting in the lowest quality factor and PTE between this PSC and the Rx coil [35] .
The Rx coil is a wire-wound coil (WWC), designed based on the largest possible diameter allowed in our application, described in [33] , and coil models were presented in [37] . The Rx coil is embedded in the headstage plastic molding for mechanical stability [38] . The maximum lateral misalignment, , of the Rx coil happens at of the PSC radius at a nominal coupling distance, , which was selected based on the nominal height of mature Long-Evans rats [33] , [39] . ) that provides layers 1 (blue) and 2 (green). (d) PCB2 layout for layers 3 (red) and 4 (gray).
We have used the iterative design procedure, introduced in [18] , to maximize the PTE for the worst overlapping and lateral misalignments of the hex-PSCs. The PSC array architecture has been discussed here, but the detailed geometrical design of the optimal hex-PSCs is out of the scope of this work and described elsewhere [35] . Following the theoretical design optimization, the HFSS field solver (Ansoft, Pittsburgh, PA) was used to verify and fine tune the PSC geometries, which are summarized in Table I . The resulting PTE in the worst case conditions was 19.6%, which is quite appropriate for this application. The difference between measurement and simulation results was in part due to the layer 4 metal patterns, which were approximated in our HFSS simulation model with parallel strips with the same coverage (48%) as the PCB layout [see Fig. 3(d) ].
Once the optimal overlapping hex-PSC geometry is in place, it should be fitted in the design of a PSC unit tile that would cover the bottom of the experimental arena, while considering the practical constraints of the PSC manufacturing process. Fig. 3(c) and (d) show the layouts of the two 2-layer PCBs that were designed based on the specifications in Table I . Each unit tile in this design includes five complete PSCs (2 in layer 1, 2 in layer 2, and 1 in layer 3), shown with a dashed rectangle in Fig. 3(a) , and 18 incomplete PSCs, which can form 7 additional PSCs if they were combined together. Therefore, each tile should have a total of 12 PSC drivers that are divided into 4 controller modules, shown in Fig. 2 . Fig. 3(a) also shows the layout of 23 overlapping hex-PSCs associated with each tile when they all become complete by joining several adjacent tiles. This figure clearly shows how the EnerCage modular architecture can be scaled to support any arbitrary-sized experimental arena. Each module also has 12 3-axis magnetic sensors, which are the red dots within the unit tiles in Figs. 1 and 3(a) . Fig. 4 shows the schematic diagram of the proof-of-concept mobile unit on the headstage and the global closed-loop power controller (CLPC). The RFID reader, which serves as the power/data transmitter and receiver, drives a class-C PA, which is impedance matched to both RFID output as well as the LC-tank. The mobile unit consists of a rectifier, a storage super capacitor, , a 3 V regulator, a load shift keying (LSK) modulator , and an MCU (MSP430). The 13.56 MHz carrier is rectified by a full-wave rectifier, divided and compared with an internal MCU reference voltage, . If , then the LSK periodically shorts the Rx coil by closing at 700 Hz. These short pulses (20 wide) indicate that the received power is more than enough, and the Tx output power should be reduced. On the other hand, if , no pulses will be sent, resulting in Tx power increments. Each active RFID reader detects the back-telemetry data and sends it to the central PC station via the local and central MCUs.
B. Closed-Loop Power Control Unit
The CLPC unit adjusts the Tx output power by providing a variable DC supply, , to all PAs. The CLPC consists of an MCU (MSP430), a digital potentiometer, and a DC-DC converter (LT1370) with efficiency, as shown in Fig. 4 . is adjusted by a digital potentiometer (AD5160) from 5 V to 8.5 V in 256 steps. The Tx power increases by default with an adjustable step size unless the LSK pulses are received from the mobile unit, in which case the Tx power is decreased with an adjustable step size to maintain around the designated 3.3 V. This RFID-based closed-loop power control mechanism has been discussed in more detail in [32] .
C. Magnetic Sensor Array
The magnetic tracer in the mobile unit was a small-disk shaped permanent magnet with residual surface flux density of (K&J, Jamison, PA), weighing 0.6 g, which main axis was aligned with the Rx coil. A 3-axis anisotropic magnetoresistive (AMR) sensor, HMC1043 (Honeywell, Morristown, NJ), was mounted in the center of each hex-PSC to measure variations in the DC magnetic field resulted from the animal movements around the cage. Sensor outputs were conditioned and digitized before being read by the local MCU through serial peripheral interface (SPI) and delivered to the central PC station via the central MCU. The conditioned sensor outputs were sampled at 100 Hz, resulting in 10 ms response time. Fig. 5(a) shows the magnetic sensors data flow diagram.
In the proof-of-concept prototype system, a simple algorithm calculates the magnitude of the flux density at the location of each 3-axis magnetic sensor, . The hex-PSC with maximum is considered to be the closest to the magnetic tracer and activated, provided that its is above a certain threshold, , that is determined experimentally. When several sensors have , the algorithm chooses the one with the highest . If all sensors have , the mobile unit is out of range, e.g., the rat is standing on its hind limbs, and the last PSC remains active at the highest power level. In this case, the storage capacitor supplies the mobile unit.
The sensor boundaries for the active area of each hex-PSC at 78 mm coupling distance is shown in Fig. 5(b) . This method results in a error between the circular and hexagonal boundaries around each sensor, as shown in Fig. 5(b) . The nonlinearity of the magnetic field around the magnetic tracer also causes error in this simplified method when switching the active PSC. In practice, the maximum error at was , which indicates the need for implementing an accurate real-time magnetic localization algorithm similar to [30] .
III. MEASUREMENTS RESULTS
The measurement results presented in this section are from the PSC unit tiles and the proof-of-concept prototype EnerCage system with five controlled PSCs. They are meant to evaluate the homogeneity of the magnetic field generated by the overlapping hex-PSC array and the system response to the mobile unit displacements, while powering it at a designated power level. 
A. PSC Array
In order to demonstrate the homogeneity of the magnetic field, we assembled a larger arena using four EnerCage unit tiles, shown in Fig. 3 , with 32 complete hexagonal PSCs. We used copper tapes with 88 thickness and soldered them across the incomplete hex-PSC traces to join the EnerCage unit tiles [35] . In this measurement, a Cartesian robotic arm was used to raster scan the Rx coil at the height of above each activated PSC. The received power was measured across a 500 resistor, directly connected to the Rx LC-tank, which was tuned at 13.56 MHz. All PTE measurements were then combined with proper horizontal offset to form the overall PTE distribution across the PSC array, shown in Fig. 6(a) , which vari- ations are within of the average PTE. The higher PTE peaks are resulted from the PSCs on layer 1, which are slightly closer to the Rx coil and have less overlapping with the other PSC layers, while the lower peaks are associated with the PSCs in layers 2 and 3, which are further and have larger parasitic components (lower ). The deeps with minimum PTE indicate the worst-case lateral misalignment of with the PTE of 20.1% at . Fig. 6(b) shows how the received power was maintained at 20 mW at by the CLPC unit [32] . It is worth noting that the received power fluctuations in this graph are less than 2 mW. The 20 mW power was chosen in this prototype as a level that is sufficient for the majority of state-of-the-art neural recording and stimulation devices [33] .
B. Enercage Control Mechanism
In order to evaluate the functionality of the EnerCage control mechanism, with both closed-loop power control and magnetic tracking subsystems at work, a prototype hex-PSC array, shown in Fig. 7 , with 5 complete PSCs in a unit tile, driven by two vertical controller modules was used. Five magnetic sensors were also placed under the PSC array in the center of each complete PSC. The Rx coil in the mobile unit was embedded in white Fig. 7 . Experimental setup with 5 hex-PSCs controlled by two driver boards as shown in Fig. 2(b) . The mobile unit with its Rx coil embedded in plastic is held above a saline bag, representing the animal body, by a robotic arm. plastic, as part of the headstage shown in Fig. 2(a) , and both and in Fig. 4 were monitored in open-loop (fixed Tx output power) and closed-loop (variable Tx output power) operating conditions. We also compared the system performance with and without a 500 g saline bag (9 mg/L), placed between the PSC array and the Rx coil, which was used to emulate the animal body (e.g., a rat). Fig. 8 compares the variations in the PA supply voltage ( in Fig. 4 ) as well as and on the mobile unit under open-loop (Fig. 8(a) ) and closed-loop [ Fig. 8(b)] conditions while emulating the animal subject's movements resulting in lateral misalignment. In this experiment, the mobile unit was moved in a horizontal plane at the nominal height of in 10s from the center of PSC-3 to the center of PSC-1 and from there to the center of PSC-2, as shown with a dashed line in Fig. 5(b) . Since the center to center spacing between hex-PSCs is 85 mm, Fig. 8 represents a total moving distance of 17 cm. In Fig. 8(a) , is fixed at 8.5 V ( Tx output power plus the controller power consumption). The peaks of , where the Rx power is the highest, are obviously at the center of each PSC, where there is no horizontal misalignment, and the valleys of are at the edges of the PSC active areas, shown in Fig. 5(b) , where the magnetic tracking switches the active PSC (vertical dashed lines) . In open-loop condition, since Tx should be adjusted to constantly operate under worst-case scenario, a large percentage of the Rx power is dissipated in the regulator, and the overall PTE is quite low. When the saline bag was moved under the mobile unit, dropped slightly by 9.6% because of the reduction in the of the active PSCs [35] .
In Fig. 8(b) , the CLPC unit automatically adjusts for to be slightly higher than regardless of the Rx coil horizontal misalignment. The peaks and valleys of in Fig. 8(b) are the opposite of the in Fig. 8(a) . Under closed-loop condition, considerably less power was transmitted in order to deliver the same amount of power to the mobile unit, leading to higher overall PTE. This is quite desirable because higher PTE means less heat dissipation on both Tx and Rx sides, less tissue exposure to the magnetic field, and less temperature elevation in the cage. Switching from one PSC to another at the PSC boundaries often creates sharp voltage transitions in the CLPC and sensors, which can be avoided by proper filtering.
We measured the EnerCage system performance under variations in to emulate the vertical displacements of the mobile unit. In Fig. 9(a) and (b) , has been increased from 7 cm to 12 cm above PSC-2 in Fig. 5(b) , in open-and closed-loop conditions, respectively. Similar to the lateral misalignments, since in the open-loop operation should be adjusted for the worst-case condition , was much higher than needed at shorter distances, resulting in considerable power dissipation in the CLPC and mobile unit. On the other hand, the closed-loop operation adjusts the Tx power to be just enough to achieve the desired , improving the overall PTE. The animal subject may also rotate its head, and this rotation could be anywhere on the EnerCage, combined with a lateral misalignment. In this experiment, the Rx coil was manually rotated above the center of PSC-2 in Fig. 5(b) at to emulate the tilting misalignment. The measurement results for open-and closed-loop operating conditions are shown in Fig. 10(a) and (b) , respectively. When the tilting angle is , the mobile unit cannot be powered up, because falls below 3 V. Similar to previous tests, the closed-loop mechanism has kept constant in Fig. 10 (b) despite coupling variations compared to the open-loop condition in Fig. 10(a) .
C. Compensation of the Rx Coil Movement
It was shown in Fig. 10 that one PSC cannot energize the mobile unit when the tilting angle of the Rx coil is . One possible solution is to simultaneously activate a pair of adjacent PSCs with out-of-phase excitation signals to create a horizontal field between them in a way that sufficient flux passes through the Rx coil [31] . Two-PSC out-of-phase excitation along with the storage super-capacitor, , in Fig. 4 can solve the sharp tilting misalignments as long as they last less than , which is often the case. A similar situation may result from the animal rearing on its hind limbs, increasing beyond the designated 12 cm maximum height of the mobile unit. More detailed discussion about these conditions can be found in [35] .
D. Maximum Permissible Exposure to Magnetic Field
According to the IEEE standard, the maximum permissible exposure (MPE) to magnetic field strength is (A/m), where is in MHz [40] . Hence, at 13.56 MHz, the MPE is 1.2 A/m. The power density in the free space can be found from (1) where is the impedance of the free space, approximately 377 . Using (1), the equivalent maximum power density at 13.56 MHz would be 54.3 [40] . When the PA delivers 1 W to the active PSC on the Tx side, according to our HFSS simulation results, the level of exposure to magnetic field at the center of the PSC will pass the MPE level at a height of 3.2 cm above the surface. Since the EnerCage system operates at a relatively low frequency based on near-field interaction between the active Tx PSC and the Rx coil, the space in which the magnetic field strength is above the MPE level is confined to a small space above the active PSC with a 3.2 cm peak, which is shown in Fig. 11 . Therefore, using the EnerCage system in a lab is unlikely to impose any risk of exposure to high magnetic field to the researchers. However, at least part of the animal body, particularly its legs, is going to be inevitably located within this space. At this stage, it is not yet clear to us whether this condition can have any impact on the results of various electrophysiology experiments.
IV. CONCLUSION
We have introduced a smart experimental arena for long-term electrophysiology experiments, called the EnerCage system, which consists of a scalable array of overlapping hexagonal PSCs, arranged in a way that they can cover any arbitraryshaped experimental arena. The EnerCage system is meant to allow researchers to create natural and enriched environments for awake freely behaving small animal subjects, and run their experiments for virtually unlimited time periods without worrying about changing batteries or the potential bias from tethering effects and heavy payloads.
Three key features of the EnerCage system are: 1) Inductive powering through a scalable array of modular overlapping PSCs that are activated one or two at a time. Each individual hex-PSC has been optimized considering the parasitics added by the overlapping and adjacent PSCs based on the worst-case misalignment conditions to achieve a smooth coupling distribution across the arena; 2) Accurate non-line-of-sight 3D positioning of a mobile unit attached to or implanted in the animal body via an array of magnetic sensors; 3) Closed-loop power control mechanism, which significantly improves the overall PTE, and limits heat dissipation and exposure to magnetic field. The EnerCage system is expected to enable researchers to conduct a new variety of long-term behavioral neuroscience experiments on one or more small animal subjects, which are not possible with today's laboratory instrumentation.
In the future, while building an EnerCage system prototype with a larger number of PSCs, we will improve the magnetic 3D localization algorithm, increase the PTE under various experimental conditions utilizing multi-coil wireless power transmission [41] , and conduct in vivo experiments using our inductively-powered wireless multichannel neural recording (WINeR) system [33] . 
